Heterozygous mutants of Amaranthus edulis deficient C 4 plants suppress photorespiration by concentrating CO 2 in PEP carboxylase (PEPC) have been used to study at the active site of Rubisco. This is done by means of a the control of photosynthetic carbon assimilation. A CO 2 pump in which CO 2 is assimilated by phosphoenolreduction in PEPC activity led to a decrease in the pyruvate carboxylase (PEPC ) in the mesophyll cells into initial slope of the relationship between the CO 2 assim-C 4 acids that are transferred to, and decarboxylated in, ilation rate and the intercellular CO 2 concentration and the thick-walled bundle-sheath cells. Like many enzymes to a decrease in photosynthesis at high light intensitinvolved in photosynthetic CO 2 assimilation, PEPC is ies, consistent with a decrease in the capacity of the highly regulated to accommodate large changes in photo-C 4 cycle in high light. PEPC exerted appreciable consynthetic fluxes and to allow co-ordination with other trol on photosynthetic flux in the wild-type, with a enzymes involved in CO 2 fixation and carbohydrate synrelatively high flux control coefficient of 0.35 in saturthesis (Leegood et al., 1997) . This regulation takes two ating light and ambient CO 2 . The flux control coeffimain forms. First, the enzyme is very responsive to cient was decreased in low light or increased in metabolite effectors, such as inhibition by malate and low CO 2 or in plants containing lower PEPC activity. activation by sugar phosphates ( Ting and Osmond, 1973; However, the rate of CO 2 assimilation decreased down Doncaster and Leegood, 1987). Second, the effects of to about 55% PEPC, followed by an up-turn in the metabolites are modulated by phosphorylation of the light-saturated photosynthetic rate as PEPC was furenzyme. Reversible, light-dependent, phosphorylation of ther reduced, suggesting the existence of a mechan-PEPC occurs in C 4 plants, which leads to activation by a ism that compensates for the loss of PEPC activity. decreased sensitivity to inhibition by malate (Huber et al., The amounts of photosynthetic metabolites, including 1994; Chollet et al., 1996) and increased sensitivity to glycine and serine, also showed a biphasic response activation by glucose-6-P (Duff et al., 1995). The mechanto decreasing PEPC. There was a linear relationship isms which regulate the activity of the PEPC kinase have between the activity of PEPC and the activation state yet to be fully established (Huber et al., 1994; Chollet of the enzyme. A possible mechanism of compensation et al., 1996). involving photorespiratory intermediates is discussed.
Introduction
Heterozygous mutants of Amaranthus edulis deficient C 4 plants suppress photorespiration by concentrating CO 2 in PEP carboxylase (PEPC) have been used to study at the active site of Rubisco. This is done by means of a the control of photosynthetic carbon assimilation. A CO 2 pump in which CO 2 is assimilated by phosphoenolreduction in PEPC activity led to a decrease in the pyruvate carboxylase (PEPC ) in the mesophyll cells into initial slope of the relationship between the CO 2 assim-C 4 acids that are transferred to, and decarboxylated in, ilation rate and the intercellular CO 2 concentration and the thick-walled bundle-sheath cells. Like many enzymes to a decrease in photosynthesis at high light intensitinvolved in photosynthetic CO 2 assimilation, PEPC is ies, consistent with a decrease in the capacity of the highly regulated to accommodate large changes in photo-C 4 cycle in high light. PEPC exerted appreciable consynthetic fluxes and to allow co-ordination with other trol on photosynthetic flux in the wild-type, with a enzymes involved in CO 2 fixation and carbohydrate synrelatively high flux control coefficient of 0.35 in saturthesis (Leegood et al., 1997) . This regulation takes two ating light and ambient CO 2 . The flux control coeffimain forms. First, the enzyme is very responsive to cient was decreased in low light or increased in metabolite effectors, such as inhibition by malate and low CO 2 or in plants containing lower PEPC activity. activation by sugar phosphates ( Ting and Osmond, 1973 ; However, the rate of CO 2 assimilation decreased down Doncaster and Leegood, 1987) . Second, the effects of to about 55% PEPC, followed by an up-turn in the metabolites are modulated by phosphorylation of the light-saturated photosynthetic rate as PEPC was furenzyme. Reversible, light-dependent, phosphorylation of ther reduced, suggesting the existence of a mechan-PEPC occurs in C 4 plants, which leads to activation by a ism that compensates for the loss of PEPC activity. decreased sensitivity to inhibition by malate (Huber et al., The amounts of photosynthetic metabolites, including 1994; Chollet et al., 1996) and increased sensitivity to glycine and serine, also showed a biphasic response activation by glucose-6-P (Duff et al., 1995) . The mechanto decreasing PEPC. There was a linear relationship isms which regulate the activity of the PEPC kinase have between the activity of PEPC and the activation state yet to be fully established (Huber et al., 1994 ; Chollet of the enzyme. A possible mechanism of compensation et al., 1996) . involving photorespiratory intermediates is discussed.
Recently, a number of mutant and transgenic C 4 plants have been isolated which are deficient in various enzymes Key words: C 4 plants, Amaranthus edulis, phosphoenolof photosynthetic carbon metabolism (Dever et al., 1995 ; pyruvate carboxylase, CO 2 assimilation, control of photosynthesis.
Furbank et al., 1997) . One of these plants is a mutant of (1.33 cm2) were homogenized in 0. and the activation state of PEPC can compensate for the loss of PEPC activity which occurs in heterozygous plants.
Determination of NAD-malic enzyme activity All enzyme assays were performed at 25°C. Leaf discs
Materials and methods
(1.33 cm2) were extracted in 1 ml of ice-cold 25 mM HEPES-KOH (pH 7.5), 25 mM Tricine-KOH (pH 7.5), 5 mM DTT, Plant material and growth conditions 2 mM MnCl 2 , 0.5% (v/v) Triton X-100, and 0.25% (w/v) PVP-40, using an ice-cold pestle and mortar and assayed at A mutant of amaranthus (Amaranthus edulis Speg.) deficient in 25°C (according to Ashton et al., 1990 (Fleury and Ashley, 1983) . between 8 and 15 weeks. Leaf material was frozen in the light in liquid N 2 between 12.30 h and 14.30 h at PFDs of 1000-d13C analysis 1500 mmol quanta m−2 s−1 and stored either in liquid N 2 or Leaf discs (1.33 cm2) were dried at 70°C and analysed by a at −80°C.
Roboprep Dumas combustion unit coupled to a Tracermass isotope ratio mass spectrophotometer (Europa Scientific Ltd.,
Measurement of PEP carboxylase
Crewe, UK ). A d13C value of −8‰ was assumed for Leaf discs (1.33 cm2) were extracted (Ashton et al., 1990) in atmospheric CO 2 . 1 ml of ice-cold 50 mM MOPS-KOH (pH 7.2), 10 mM MgCl 2 , 1 mM DTT, 10% (v/v) glycerol, and 2% (w/v) BSA, using an Control coefficients ice-cold pestle and mortar and centrifuged for 2 min at 14 000 g.
The control coefficient (C ), was calculated from the slope The activity was assayed within 60 s at 25°C in 25 mM TRIS-(ab/(E+b)2) of a rectangular hyperbolic function (aE/(b+E )) HCl (pH 8.0), 5 mM MgCl 2 , 2 mM DTT, 1 mM KHCO 3 , at any E, and multiplied by a scaling factor (E/J ), where a and 5 mM Glc6P, 5 mM PEP, 0.2 mM NADH, 2 U ml−1 MDH, b are constants, E is the amount of enzyme and J is the flux and 5 ml of extract.
through the pathway at E (Quick, 1994). Activation state of PEP carboxylase Gas exchange measurements Frozen leaf discs (1.33 cm2) were extracted in 100 mM HEPES-CO 2 assimilation rates were measured with an open infrared KOH (pH 8.0), 10% glycerol, 5 mM MgCl 2 , 2 mM EGTA, gas analyser system (LCA4, ADC, Hoddesdon, UK ) at a 5 mM DTT, 20 mM NaF, 1 mg ml−1 chymostatin, and 20 ml of temperature of between 26°C and 32°C and a relative air Complete Protease Inhibitor Cocktail (Boehringer Mannheim, humidity of 40-50% using KL 1500 light source (Schott, Mainz, Mannheim, Germany) (1 tablet in 2 ml H 2 O), in an ice-cold Germany). Intercellular CO 2 concentrations (C i ) were calculated mortar and pestle with a small quantity of acid-washed sand.
according to von Caemmerer and Farquhar (von Caemmerer Extracts were centrifuged for 2 min at 14 000 g and assayed and Farquhar, 1981). immediately in 100 mM HEPES (pH 7.3), 5 mM MgCl 2 , 4.8 mM NaHCO 3 , 0.35 mM NADH, 5 U ml−1 MDH, 0.8 mM Protein and chlorophyll PEP, and 100 ml of extract at 25°C.
Total protein was assayed according to Bradford (Bradford, SDS-PAGE and immunoblotting 1976). Chlorophyll was extracted in 96% (v/v) ethanol and quantified according to Lichtenthaler and Wellburn SDS-PAGE and Western immunoblotting were done as previously described ( Walker et al., 1997) . For dot blots, leaf discs (Lichtenthaler and Wellburn, 1983) .
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Results

Production of heterozygous plants
Over 100 F 2 plants and 12 wild-type plants, each from separate batches of seed, grown in air for 4 weeks, were screened for PEPC activity in 1995. For experimental work in subsequent years (1996 and 1997) seed was collected from selfed heterozygotes. In 1995, 21 plants were selected and placed in seven groups which contained reduced PEPC activities in a range between 45% and 76% of the wild type ( Table 1) . For the plants selected, PEPC activities were monitored over a period of 3 months. No were detected. Although heterozygous plants would be expected to have 50% of the wild-type activity, the range encountered was probably also a result of the variation type), in the size of the mesophyll cells or in the interveinal distance (data not shown). in PEPC activity observed in the wild-type population. Quantification of the amount of PEPC protein from
Control of photosynthesis Western blots was found to be unreliable due to incomplete transfer of PEPC to the nitrocellulose membrane.
The relationship between the CO 2 assimilation rate (A) Dot blots were therefore employed to quantify PEPC. and the intercellular concentration of CO 2 (C i ) was measThere was a linear relationship between the amount of ured in each of the groups of plants. There was a decrease PEPC protein and its maximum catalytic activity (Fig. 1) .
in the initial slope of the A/C i curves of the heterozygous plants ( Fig. 2 and data not shown) . The intercellular CO 2 Pleiotropic effects concentration at which CO 2 -assimilation was saturated was also increased in all of the heterozygote groups There were no obvious differences in growth or appearance between any of the selected range of heterozygous compared to the wild-type, for example, in the wild-type saturation occurred at a C i of 107 ml l−1 whereas in the and wild-type plants in years 1-3. Table 1 shows that a reduction of PEPC activity down to 45% had no signific-55% mutant group it was at 130 ml l−1. These data indicate a decline in the carboxylation efficiency due to a reduction ant impact on the leaf content of soluble protein, chlorophyll content, chlorophyll a/b ratio or the activities or in the amount of PEPC. In all of the heterozygous plant groups there was no appreciable change in the CO 2 amounts extracted from leaves of a number of enzymes of carbon metabolism, including NAD-malic enzyme, compensation point compared to the wild type, suggesting that PEPC was responsible for CO 2 fixation rather than Rubisco and pyruvate, Pi dikinase ( Table 1) . Similar results were obtained in two successive years. There was direct fixation by Rubisco and that there was no photorespiratory loss of CO 2 . The response of the CO 2 assimilano evidence for changes in the distribution of Rubisco and PEPC between the mesophyll and bundle-sheath tion rate to PFD was measured at ambient CO 2 (Fig. 3 ). There was a reduction in the assimilation rate in hetero-(estimated by immunolocalization in tissue sections), for changes in the carbon isotope ratio of leaf material, which zygous plants at higher PFDs when compared to the wild type. At low and moderate PFDs (values below lay between −12.64‰ (66% PEPC ) and −13.35‰ (wild 342 Bailey et al. 360 mmol m−2 s−1) the response of the assimilation rate for both wild-type and heterozygote plants was similar.
the wild type to 0.77 at 55% PEPC. At low CO 2 CJ c PEPC in The response of the assimilation rate to various interthe wild type was 0.70, increasing to 0.81 at 55% PEPC. cellular CO 2 concentrations at saturating PFD was analysed in the range of heterozygous and wild-type plants Changes in activation state (Fig. 4) . Two points should be noted. First, as the CO 2 concentration was reduced, the decrease in the CO 2 The apparent phosphorylation state of PEPC was measured by its sensitivity to malate (McNaughton et al., assimilation rate became steeper with a decrease in PEPC. Second, at PEPC activities below 55%, there was a 1991). Preliminary experiments demonstrated that the largest difference in malate sensitivity between the wild surprising upturn in the rate of CO 2 assimilation. This upturn in plants with below 55% wild-type PEPC was type and heterozygous plant groups was obtained from samples harvested in the middle of the day. There was significant compared to plants with 55% PEPC (P<0.05) and was observed in each of the three years of study in no appreciable increase in malate sensitivity in extracts from leaves subject to a period of more than 2 h dark separetely generated groups of heterozygous plants.
The degree of control exerted by PEPC on photosynadaptation. Measurements of maximum PEPC activity demonstrated that there were no significant differences in thetic CO 2 assimilation was estimated by using the principles of control analysis ( Kacser and Burns, 1973) . It is the maximum activity of PEPC between light or dark samples (data not shown). clear that at low (30 ml l−1) CO 2 concentrations the flux control coefficient, CJ c , in the wild-type was higher than Figure 5 shows the malate sensitivities for the range of heterozygous and wild-type plants measured for extracts at a C i of 60 ml l−1, which, in turn, was higher than at an ambient C i of 130 ml l−1 (Fig. 4) . At ambient C i , C J c PEPC from both light-and dark-adapted leaves. The concentration of malate was 0.3 mM. Similar results were obtained increased from 0.35 in the wild type, to 0.49 at 55% PEPC. At moderate CO 2 , CJ c PEPC increased from 0.65 in at a concentration of 0.5 mM malate. In light-adapted Control of C 4 photosynthesis 343 Fig. 5 . The inhibition of PEPC from illuminated (#) and darkened ($) wild-type and heterozygote leaves by 0.3 mM malate. Samples were harvested from the greenhouse after 9 or 10 h natural light or 2 h dark adaptation. Each data point is the mean±SE (n=36 for wild-type or n=18 for heterozygote light extracts; n=12 for wild-type or n=6 for heterozygote dark extracts).
extracts there was a linear relationship between the PEPC activity and the apparent phosphorylation state of PEPC, measured by its sensitivity to malate. The percentage inhibition of PEPC decreased in a broadly proportional manner with a decrease in PEPC, suggesting an increase in the apparent phosphorylation state of PEPC with reduced PEPC amount. The dark-adapted leaf extracts from both the heterozygous and wild-type plants showed a very similar high sensitivity to malate and inhibition of PEPC indicative of the less phosphorylated form of the enzyme.
Amounts of metabolites There was a decline in the amounts of the metabolites similar activity (heterozygote) and six plants (wild type) ±SE.
hexose-P, triose-P, Fru1,6-bisP, glycerate-3-P, and RuBP down to 55% of the wild-type amount of PEPC (Fig. 6) , Control of photosynthesis but as with rates of photosynthesis (Fig. 4) , a further decrease in the amount of PEPC below 55% of the wild
The relationship between the CO 2 assimilation rate (A) and the intercellular CO 2 concentration (C i ) and the PFD type, led to an increase in the amounts of these metabolites. There was no significant change between the amounts in wild-type and heterozygous plants showed that the initial slope (the carboxylation efficiency) decreased linof PEP and pyruvate between the wild type and the heterozygous plants. For the amino acids, aspartate and early with a reduction in PEPC down to 55% of the wildtype amount (data not shown). The initial slope of the alanine, there was an increase in amount from the wild type as PEPC decreased. In the case of serine, and A/C i curve in a C 4 plant is believed to reflect the kinetic characteristics and activity of PEPC (Collatz et al., 1992) particularly glycine, there was also a significant upturn in the amounts as PEPC was decreased below 55% of the and similar effects are seen when an inhibitor of PEPC, DCDP, is fed to intact leaves (Jenkins et al., 1989) . A wild type (P<0.05 compared with plants with 55% PEPC ).
decrease in the capacity of PEPC will lead to a reduction in the amount of CO 2 in the bundle sheath. The effect of a reduction in PEPC on the CO 2 assimilation rate was Discussion also dependent upon PFD, with an appreciable decrease in photosynthesis at PFDs higher than about Plants with a range of PEPC activities were stable relative to one another during the duration of the experiments.
360 mmol m−2 s−1, but the light response curves were similar for the wild-type and range of heterozygous plants There was no evidence for pleiotropic effects on chlorophyll, protein, a range of other enzymes or on leaf at lower PFDs. These data are consistent with a decrease in the capacity of C 4 cycle in high light and with the view anatomy (see also Dever et al., 1995) . that, in low light, C 4 photosynthesis is limited by RuBP Possible compensatory mechanisms for a reduction in PEPC activity or PEP regeneration (Collatz et al., 1992; Furbank et al., 1996; Trevanion et al., 1997; von Caemmerer and In each of the three years, a clear trend emerged in which Furbank, 1999) .
the CO 2 assimilation rate decreased down to about 55% PEPC exerted appreciable control on photosynthetic PEPC, followed by an up-turn in the light-saturated flux in the wild type, with a relatively high CJ c PEPC of 0.35 photosynthetic rate. These findings suggest that a comin saturating light and ambient CO 2 . Control was pensation mechanism begins to operate once the amount decreased in low light and increased in low CO 2 or in of PEPC drops below a critical amount. A similar plants with less PEPC. The results presented in Fig. 5 response has been seen in the release of ammonia in also indicate a compensatory increase in activation state barley plants with decreased amounts of glutamine as a consequence of reduced PEPC activity. Similar results synthetase (Häusler et al., 1996) . have been obtained for a range of other enzymes.
There are a number of possibilities which might explain However, it is clear that, in the case of enzymes such as how compensation of the loss of PEPC protein could NADP-malate dehydrogenase in the C 4 plant, Flaveria occur. The first is that compensation is achieved by a bidentis, and phosphoribulokinase in tobacco, the comreversion of these plants into a mode of photosynthesis bination of thioredoxin-mediated activation and metabolmore like that of a C 3 plant. This is not supported by the ite modulation is sufficient both to compensate for loss anatomical studies or by measurements of carbon isotope of enzyme activity and also to remove most, if not all, of discrimination. A second is that an enzyme substitutes the ability of the enzyme to control flux (Paul et al., for PEPC in the C 4 cycle. The only possibility is PEP 1995; Trevanion et al., 1997) . Many enzymes which carboxykinase, but wild-type A. edulis lacks this enzyme exhibit high regulatability and catalyse non-reversible ( Walker et al., 1997) and PEP carboxykinase has a reactions have low control coefficients (Stitt, 1995) . In notably low affinity for CO 2 ( Urbina and Avilan, 1989). contrast, loss of PEPC protein cannot be fully compensAnother possibility is that the compensation mechanism ated by activation of PEPC by either metabolites or by involves an activation of PEPC, which could occur either covalent modification. This then raises questions as to by an increase in activating metabolites, or a decrease in the function of the phosphorylation-dependent activation inhibitory metabolites, or else by a change in the activaof PEPC. Phosphorylation is insufficient to compensate tion state of the enzyme, brought about by increased fully for loss of enzyme activity, so it seems unlikely that phosphorylation of PEPC, either triggered by factors it acts in a dynamic manner like the thioredoxin-mediated which activate PEPC kinase, such as glycerate-3-P, or regulation of enzymes of the Benson-Calvin cycle, which changes in cytosolic pH or Ca2+ (Chollet et al., 1996) or ensures that all the enzymes in that pathway respond by increases in the amount of the kinase itself. rapidly to increases in flux brought about by changes in There was a linear relationship between the activity light intensity ( Fell, 1997) . This view is supported by the of PEPC and the activation state of the enzyme, as observation that phosphorylation and dephosphorylation estimated by its sensitivity to malate. Changes in the are slow (minutes to hours; McNaughton et al., 1991;  activation state of PEPC (and, by inference, changes in Duff et al., 1995) , compared with the rapid modulation the activity of PEPC kinase) cannot, therefore, explain of other enzymes of the Benson-Calvin cycle and C 4 the biphasic change in CO 2 -assimilation rate. The cycle, which occurs within minutes or seconds (Edwards amounts of phosphorylated metabolites, the C 4 -cycle et al., 1985; Leegood et al., 1985) . It seems much more intermediates, aspartate and alanine, and the photorespirlikely that phosphorylation of PEPC acts as a general atory intermediates, glycine and serine, broadly followed 'on-off ' switch over a much longer time-scale, or that it the photosynthetic assimilation rate (Leegood and von may play some role in damping the response of PEPC to Caemmerer, 1988 Caemmerer, , 1989 and, with the exception of PEP fluctuations in metabolite effectors which may occur and pyruvate, showed a biphasic response to decreasing during, for example, fluctuations in light intensity PEPC. The question which is then raised is whether or (Doncaster et al., 1989) . not the increase in photosynthesis caused the rise in the In C 4 plants, a number of enzymes with high regulatamounts of phosphorylated metabolites and amino acids, ability appear to exert appreciable control over the photoor conversely, if the increase in these metabolites caused synthetic CO 2 flux. In F. bidentis the control exerted by the subsequent increase in photosynthesis, perhaps by pyruvate, Pi dikinase and by Rubisco was appreciable, acting in their capacities as allosteric effectors of PEPC. with a wild-type CJ c PPDK of between 0.2 and 0.3 and There can be little doubt that the increases in the amounts CJ c Rubisco between 0.5 and 0.7 ( Furbank et al., 1997) under of positive effectors such as triose-P, Glc6P, Fru6P, broadly similar conditions (high PFD and ambient CO 2 ). glycine, and serine which are observed below c. 55% It would thus appear that Rubisco and the enzymes of the PEPC will tend to activate PEPC allosterically (Doncaster and Leegood, 1987) . However, it is also clear that these C 4 cycle predominate in the control of C 4 photosynthesis.
